Introduction
============

Every natural wet surface is a substrate for microbial biofilms. These sessile multicellular microbial consortia are embedded within the self-produced extracellular polymeric substances (EPS) (Costerton et al. \[[@B12]\]; Marvasi et al. \[[@B26]\]; Solano et al. \[[@B42]\]; Wingender et al. \[[@B47]\]). In food handling facilities, biofilms could be particularly problematic. While pathogens do not typically make up the bulk of the biofilms formed in the industrial settings, *Salmonella spp, Listeria spp,* pathogenic strains of *E. coli, Yersinia spp, Pseudomonas spp, Shigella spp, Staphylococcus spp,* and *Bacillus spp* can be found in biofilms on various contact surfaces (Blanpain-Avet et al. \[[@B7]\]; Shi and Zhu \[[@B39]\]). Because microbes in biofilms are significantly more resistant to chlorine and other disinfectants (Zhang and Mah \[[@B49]\]), there is a pressing need to identify compounds capable of controlling biofilms by other means.

A discovery of the nitric oxide's function in inducing biofilm dispersal led to concerted efforts on the identification of the compounds capable of dislodging biofilms (Landini et al. \[[@B24]\]; McDougald et al. \[[@B27]\]). Several disinfectants, antibiotics and messenger molecules have been studied for their ability to disperse biofilms (Barraud et al. \[[@B3]\]; Barraud et al. \[[@B6]\]; Barraud et al. \[[@B4]\]; Huynh et al. \[[@B19]\]; McDougald et al. \[[@B27]\]). Nitric oxide (NO) gas and NO donors are currently used clinically (Regev-Shoshani et al. \[[@B35]\]). In bacteria and eukaryotes, nitric oxide is a signaling molecule, active at very low concentrations (Gaupels et al. \[[@B15]\]; Simontacchi et al. \[[@B40]\]). At low concentrations, it is effective as a biofilm dispersant, functioning as a messenger rather than a generic poison (Barraud et al. \[[@B3]\]; Barraud et al. \[[@B4]\]). Nitric oxide can be delivered to biofilms using NO donor molecules or impregnated onto nanoparticles (Slomberg et al. \[[@B41]\]; Wang et al. \[[@B46]\]). The application of NO donors has the same effect on dispersal of biofilms as the direct addition of nitric oxide and is less toxic than the application of the nitric oxide gas (Barraud et al. \[[@B4]\]). Over 105 NO donors have been characterized, but only few of them have been tested for controlling industrial biofilms (Wang et al. \[[@B46]\]). Among these, activity of sodium nitroprusside has been recently characterized in detail. It can produce a flux of nitric oxide of 30 pmol cm^−2^ s^−1^, and this can efficiently reduce the adhesion of *Staphylococcus aureus*, *Staphylococcus epidermidis*, and *E. coli* by 96%, 48%, and 88%, respectively (Charville et al. \[[@B9]\]). Therefore, it appears that nitric oxide could have a universal effect on the dispersal of bacterial biofilm including both Gram-positive and Gram-negative bacteria (Xiong and Liu \[[@B48]\]).

In this work, we tested the effectiveness of NO donors in dispersal of biofilms formed by common foodborne pathogens (non-typhoidal *Salmonella enterica* and enterohaemorrhagic *E. coli*, EHEC) on materials that are common in the food industry. The rationale for this study was based on the reports that the same NO donors have different dispersion potential depending on the bacterial strain, temperature and surface properties (Barraud et al. \[[@B3]\]; Barraud et al. \[[@B4]\]; Charville et al. \[[@B9]\]; Gilberthorpe and Poole \[[@B16]\]). Because the ultimate goal of these experiments is to identify commercially available compounds for industrial applications, the following criteria were used to select candidate compounds: 1) low/moderate toxicity; 2) have no more than 0.1% of probable, possible or confirmed human carcinogenicity according to the International Agency for Research on Cancer (IARC); 3) low/moderate cost; 4) commercially availability. Based on these criteria, the following compounds were selected: molsidomine (N- (ethoxycarbonyl)- 3- (4- morpholinyl)- sydnone imine), MAHMA NONOate (6-(2-Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine), spermine NONOate (N-\[4-\[1-(3-Aminopropyl)-2-hydroxy-2-nitrosohydrazino\]butyl\]-1,3-propanediamine), diethylamine NONOate diethylammonium salt, and diethylamine NONOate sodium.

The mechanisms by which NO effects the transition from sessile biofilm organisms to free-swimming bacteria are not entirely clear (Barraud et al. \[[@B3]\]; Barraud et al. \[[@B4]\]).

Microarray studies have revealed that *P. aeruginosa* genes involved in adherence are down regulated upon exposure to nitric oxide (Firoved et al. \[[@B14]\]), and the involvement of NO in regulating biofilm formation and dispersal in *P. aeruginosa* was also supported by several studies (Barraud et al. \[[@B3]\]; Barraud et al. \[[@B4]\]; Darling and Evans \[[@B13]\]; Van Alst et al. \[[@B45]\]). Several genes involved in the production and perception of this signaling molecule have been characterized in *Pseudomonas aeruginosa* PAO1. The chemotaxis protein BdlA is involved in biofilm dispersion of *P. aeruginosa*: biofilms formed by the *bdlA* mutant do not detach when exposed to low doses of NO in continuous-flow cultures (Barraud et al. \[[@B4]\]; Petrova and Sauer \[[@B32]\]). *P. aeruginosa nirS* and *norCB* encode a NO~2~^−^ reductase and NO reductase. A mutation in *nirS* leads to a reduced biofilm dispersion (Barraud et al. \[[@B3]\]), while biofilms formed by a NO reductase-deficient strain Δ*norCB* did not shift to the planktonic state when exposed to endogenous nitric oxide. No homologs of NirS, NorCB are found in *Salmonella*. However, when grown anaerobically with nitrate, *Salmonella* is capable of generating NO after nitrite addition, likely via products of *fnr* and *hmp* genes (Gilberthorpe and Poole \[[@B16]\]). Because the mechanisms of nitric oxide-mediated signaling in *Salmonella* appear to be distinct from those in *P. aeruginosa*, this study also attempted to elucidate genes that are potentially involved in these signaling pathways and contribute to biofilm dispersal in *Salmonella.*

Materials and methods
=====================

Bacterial strains and culture media
-----------------------------------

*Escherichia coli* EHEC O157:H7 ATCC 43888, *Salmonella enterica* serotovar Typhimurium ATCC14028*,* sv. Braenderup 04E01347, Braenderup 04E01556, Braenderup 04E00783, sv. Montevideo LJH519, sv. Javiana ATCC BAA-1593 and sv. Newport C6.3 (Noel et al. \[[@B30]\]) were used in this study. When a cocktail of *Salmonella* strains was used, it was a mix of equal volumes of six strains: three strains of the serovar Braenderup (04E01347, 04E01556, 04E00783), sv. Montevideo LJH519, Javiana (ATCC BAA-1593) and Newport (C6.3). pGFP-ON (a strongly fluorescent construct carrying GFP protein expressed from the *Salmonella dppA* promoter (Noel et al. \[[@B30]\])) was transformed into the strains of interest by electroporation.

*S.* Typhimurium A9 is derived from *S.* Typhimurium ATCC14028 and lacks the genomic region between 2,974,854 and 2,990,668 nt of NC_003197.1 (*recA* through *hydN*), which was replaced with a kanamycin-resistance cassette. It was constructed by sequential Datsenko and Wanner mutagenesis as in (Santiviago et al. \[[@B38]\]).

All strains were maintained as frozen glycerol stocks, and were sub-cultured into Luria Bertani medium with appropriate antibiotics (50 μg mL^−1^ kanamycin, 100 μg mL^−1^ ampicillin).

Nitric Oxide donors
-------------------

All were purchased from Sigma Aldrich (St. Luois, MO, USA). For each compound, 1 mmol L^−1^ stock solutions were prepared in phosphate-buffered saline, pH 7.3 (PBS, Fisher, Waltham, MA, USA) and aliquots were stored at −80°C. For the essays, serial dilutions were always prepared fresh in ice-cold PBS just before the experiments and used within 5 minutes of their preparation. The biofilm dispersion potential of the five molecules was tested on polystyrene and polypropylene. The ability of molsidomine to disperse biofilms was also tested on stainless steel.

Biofilm formation and dispersal on plastics
-------------------------------------------

Overnight Luria Bertani cultures of *Salmonella* or *E. coli* strains were diluted 1:100 in CFA medium as described previously (Teplitski et al. \[[@B43]\]), and 100 μL of the diluted cultures were aliquoted into wells of 96-well polypropylene and polystyrene plates (Fisher, Waltham, MA, USA). Plates with bacteria were incubated for 24 hours at 37°C inside a Ziploc bag. Upon completion of the incubation, the medium with planktonic bacteria was removed and serial dilutions of nitric oxide donors in PBS (in 200 μL) were added to the wells with biofilms. Dispersal experiments were conducted at 22°C or 4°C for 6 and 24 hours. Dispersal was measured by staining the remaining biofilms with 1% crystal violet in ethanol, as described previously (Merritt et al. \[[@B28]\]; O'Toole and Kolter \[[@B31]\]).

In parallel, to validate the staining approach, detachment of cells from biofilms was also measured by directly monitoring the increase of fluorescence of planktonic cells of *S.* Typhimurium 14028 pGFP-ON using Victor-2 multimode plate reader with a 485 nm/535 nm excitation/emission filter (Perkin Elmer, Waltham, MA, USA).

Luminescence tests
------------------

Effects of selected NO donors on light production by a constitutively luminescent *Salmonella* strain were characterized as indirect assessments of toxicity of the compounds. Two hundred microliters of Luria Bertani broth inoculated with the overnight, 1:50 diluted culture of S. Typhimurium 14028 pTIM2442 (harboring the *luxCDABE* driven by a strong constitutive phage λ promoter*,* Alagely et al., \[[@B1]\]) were grown in black polystyrene plates (Corning, New York, USA) in presence of serial dilutions of Molsidomine. Molsidomine was diluted in PBS (9.89gL^−1^) (Fisher Scientific, Waltham, MA, USA) to final concentrations of 10μmolL^−1^, 10nmolL^−1^, and 10pmolL^−1^. PBS was used as a control. Luminescence of *S.* Typhimurium 14028 pTIM2442 was measured over time using Victor-2 multimode plate reader (Perkin Elmer, Waltham, MA, USA). Each experiment included 12 replicas.

Biofilm formation on stainless steel
------------------------------------

Biofilms were formed on the stainless steel culture tube closures (Fisher Scientific, Waltham, MA, USA) essentially as described above for plastics with the following modifications: only dilutions of molsidomine were used, and only 24 hours of contact time was tested. Biofilm dispersal was tested by monitoring fluorescence under a multimode microplate reader equipped with a 485 nm/535 nm excitation/emission filter (Perkin Elmer, Waltham, MA, USA).

Additive effect of the disinfectant SaniDate 12.0 with nitric oxide donors
--------------------------------------------------------------------------

Biofilms of *S.* Typhimurium ATCC14028 were set up as above using overnight cultures of the pathogen diluted 1:100 in the CFA medium in wells of 96-well polypropylene plates (Fisher, Waltham, MA, USA). Plates with bacteria were incubated for 24 hours at 37°C inside a Ziploc bag. Upon completion of the incubation, the medium with planktonic bacteria was removed and 10nmolL^−1^ of Molsidomine or MAHMA nonoate were added to the wells with biofilms. As controls, BPS alone was used. Plates were incubated at 22°C for 24 hours. Upon completion of the incubation, planktonic cells were removed, wells were washed twice with PBS and 200 μL of SaniDade 12.0 (BioSafe System, Hartford, CT, USA) diluted as per manufacturer's recommendations and were loaded into the wells. The disinfectant was incubated for 10 minutes, after the incubation time, biofilm dispersal was measured by staining the remaining biofilms with 1% crystal violet in ethanol, as described previously (Merritt et al. \[[@B28]\]; O'Toole and Kolter \[[@B31]\]). 12 replicas for each experiment were done.

Statistical analysis
--------------------

The statistical software JMP (SAS) package was used to infer the One-way ANOVA analysis (p \< 0.05). Tukey means separation analysis was inferred in order to group the means.

Results
=======

Biofilm formation on different plastics
---------------------------------------

More robust biofilms were formed by *Salmonella* and *E. coli* strains on polypropylene than on polystyrene (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1). On polypropylene and polystyrene, *S. enterica* sv Typhimurium 14028 formed more biofilms under these conditions than *E. coli* O157:H7 (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1). Biofilm formation is known to vary depending on the surface, the media used to develop biofilms, as well as the protocol adopted (Kroupitski et al. \[[@B22]\]; Teplitski et al. \[[@B43]\]).

Biofilm dispersal by molsidomine
--------------------------------

Molsidomine releases nitric oxide and forms polar metabolites rapidly; its half-life is 1 to 2 hours in plasma at pH 7.4 (Rosenkranz et al. \[[@B37]\]). In terms of biofilm dispersal, molsidomine was the most potent molecule. It was effective in dislodging biofilms formed by *S. enterica* sv Typhimurium 14028, the cocktail of the six *Salmonella* outbreak strains and *E. coli* O157:H7. Molsidomine was particularly effective on polypropylene (Figure [1](#F1){ref-type="fig"}). It was most effective at 22°C, inducing dispersal of \~50% of biofilms formed by *Salmonella* 14028 and the cocktail of six *Salmonella* outbreak strains after incubation for 6 hours (Figure [1](#F1){ref-type="fig"}, p \< 0.0001). Up to 75% of biofilm dispersal was observed after a 24-hrs treatment of *E. coli* O157:H7 biofilms with molsidomine (Figure [1](#F1){ref-type="fig"}, p \< 0.0001). Biofilm dispersal by molsidomine was also observed on polystyrene (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1). *Salmonella* biofilms preformed in polystyrene wells were dislodged after 24 hours of contact time at room temperature. Molsidomine was able to induce some dispersal even when biofilms were treated with the compound at 4°C. Intriguingly, the strongest dispersal was observed in response to the treatment with 10 picomolar concentrations of molsidomine (Figure [1](#F1){ref-type="fig"}). Such potency of the compound at very low concentrations makes it a potentially interesting candidate for commercial applications.

![**Biofilm dispersal by molsidomine.** Exposure to molsidomine doses ranging from 10 μM to 10pM induced biofilm dispersal as measured by staining of the attached cells with crystal violet. "0" indicates control, an existing biofilm not treated with molsidomine. **A.** Biofilm formed by *S. enterica* sv. Typhimurium 14028 in wells of a microtiter plate before treatment with molsidomine. Attached cells are visualized with crystal violet staining. **B.** Residual biofilm after treatment with 10 nM of molsidomine. **C**→**H.** Induction of biofilm dispersal by molsidomine. Biofilms were pre-formed on polystyrene. Contact time and temperature at which biofilms were exposed to the chemical are listed above each panel. Concentrations of molsidomine are indicated on the x-axis. Error bars are standard errors.](s13568-014-0042-y-1){#F1}

To test whether the decrease in the staining of the attached cells was caused by an increase in the number of planktonic cells, biofilms formed by fluorescent *Salmonella* 14028 pGFP-ON on polypropylene were treated with molsidomine. Fluorescence of the planktonic and attached cells was measured after 0, 3 and 6 hours of exposure to the nitric oxide donor. The increase in total fluorescence of planktonic cells upon treatment of biofilms with molsidomine was statistically significant (Additional file [1](#S1){ref-type="supplementary-material"}: Table S1), reflecting an increase in detachment at the tested concentrations. Similarly, molsidomine treatment of the *Salmonella* biofilms formed on stainless steel resulted in \~0.3 log increase in fluorescence of the planktonic cells (data not shown).

The ability of the constitutively luminescent *Salmonella* construct driven by a phage λ promoter to produce light in the presence of molsidomine was used as an indirect assessment of the toxicity of the compound, and its ability to generally disrupt metabolism or respiration of the bacteria. As shown in Additional file [1](#S1){ref-type="supplementary-material"}: Figure S2, even though modest decrease in luminescence was observed in molsidomine-treated cultures, the reduction of luminescence was not greater than 1-10% of the control.

Dose-dependent biofilm dispersal by diethylamine NONOate diethylammonium
------------------------------------------------------------------------

Diethylamine NONOate diethylammonium represents a class of molecules which spontaneously dissociate in a pH-dependent manner, with a half-life of 16 minutes at 22-25°C, pH 7.4 to liberate 1.5 moles of NO per mole of the parental compound (Keefer et al. \[[@B21]\]; Maragos et al. \[[@B25]\]). Biofilm dispersal in response to diethylamine NONOate diethylammonium was dose-dependent (Figure [2](#F2){ref-type="fig"}), however the relationship was inverse: low concentrations of the nitric oxide were associated with higher biofilm dispersion. The strong activity in the picomolar range is similar to what was observed with molsidomine.

![**The effect of diethylamine NONOate diethylammonium on biofilms.** Remaining biofilms were measured by crystal violet staining, which was solubilized in diluted acetic acid and the absorbance at 590 nm was measured. Concentrations of the nitric oxide donor are on the x-axis. Contact time and temperature at which pre-formed biofilms were treated with diethylamine NONOate diethylammonium are indicated above each panel.](s13568-014-0042-y-2){#F2}

Diethylamine NONOate diethylammonium was most potent at dispersing biofilms on polypropylene following a 6-hours incubation. A strong dispersal of biofilms formed by *Salmonella* ATCC 14028 on polypropylene was observed (Figure [2](#F2){ref-type="fig"}). Biofilms formed by *E. coli* O157:H7 were also dispersed by diethylamine NONOate diethylammonium, but the dispersal was lower when compared with *Salmonella*. The biofilm formed by the cocktail of six *Salmonella* outbreak strains formed on polystyrene was also dispersed (Figure [2](#F2){ref-type="fig"} and Additional file [1](#S1){ref-type="supplementary-material"}: Table S2 and Additional file [1](#S1){ref-type="supplementary-material"}: Table S3).

The effect of diethylamine NONOate sodium salt hydrate, MAHMA NONOate and spermine NONOate on biofilms
------------------------------------------------------------------------------------------------------

Of the tested compounds, diethylamine NONOate sodium salt was the least effective biofilm dispersant following 24 and 6 hours incubation. The strongest dispersion was observed in biofilms formed on polypropylene by the cocktail of *Salmonella* strains and *Salmonella* Typhimurium ATCC 14028 (Figure [3](#F3){ref-type="fig"}). Up to 50% of reduction of biofilm was detected at room temperature for *Salmonella* 14028 and the outbreak strains on polystyrene (Figure [3](#F3){ref-type="fig"}). On polystyrene, biofilm formation by the cocktail of the *Salmonella* strains was reduced by up to 30% when compared with the control. Diethylamine NONOate was also active in dispersing biofilms formed by *E. coli* O157:H7, even though the dispersion was very limited (\~20% when compared with the control) (Additional file [1](#S1){ref-type="supplementary-material"}: Table S2 and Additional file [1](#S1){ref-type="supplementary-material"}: Table S3).

![**Dispersal of*Salmonella*biofilms by diethylamine NONOate sodium salt.** Biofilms were formed overnight by either *S. enterica* sv. Typhimurium ATCC14028 or a cocktail of six *Salmonella enterica* strains (sv. Braenderup 04E01347, Braenderup 04E01556, Braenderup 04E00783, sv. Montevideo LJH519, sv. Javiana ATCC BAA-1593 and sv. Newport C6.3) linked to produce-associated outbreaks of gastroenteritis. Biofilms were pre-formed on either polystyrene (black bars) or polypropylene (grey bars) prior to the treatment with diethylamine NONOate sodium salt. Concentrations of the nitric oxide donor are on the x-axis. Contact time and temperature at which the treatment took place are indicated above each panel. Residual biofilms were quantified by staining with crystal violet. Error bars are standard errors.](s13568-014-0042-y-3){#F3}

The effectiveness of MAHMA NONOate (which has half-life of minutes) was compared to that of sperimne NONOate, which has half-life of several hours. This affects potency and sustainability of the treatment, for MAHMA NONOate showing up to 40 times the potency of spermine NONOate, but the latter showing activaty for hours, compared with few minutes for MAHMA NONOate (Wang et al. \[[@B46]\]). MAHMA NONOate is also an optimal dispersant of preformed biofilm of *Pseudomonas aerouginosa* biofilm (Barnes et al. \[[@B2]\]). Therefore, the two molecules were compared within 6 hours of incubation with *Salmonella* and *E. coli* biofilms. As expected MAHMA NONOate was a more effective dispersant on both the materials (Table [1](#T1){ref-type="table"}). However, spermine NONOate was mainly effective at releasing biofilms formed on polypropylene (Table [1](#T1){ref-type="table"}).

###### 

The effect of Spermine NONOate and MAHMA NONOate on preformed biofilm

                                                 **Probability \> F (p = 0.05)\***   
  --------------- ----------------------- ------ ----------------------------------- ---------
  Polypropylene   *Salmonella* 14028      4°C    n.s.                                n.s.
  Polypropylene   *Salmonella* 14028      22°C   n.s.                                0.0049
  Polypropylene   *E.coli* O157:H7        4°C    0.0273                              n.s.
  Polypropylene   *E.coli* O157:H7        22°C   0.0486                              \<.0001
  Polypropylene   *Salmonella* cocktail   4°C    0.0036                              0.0185
  Polypropylene   *Salmonella* cocktail   22°C   0.0003                              \<.0001
  Polystyrene     *Salmonella* 14028      4°C    0.0418                              0.0229
  Polystyrene     *Salmonella* 14028      22°C   n.s.                                \<.0001
  Polystyrene     *E.coli* O157:H7        4°C    n.s.                                n.s.
  Polystyrene     *E.coli* O157:H7        22°C   n.s.                                n.s.
  Polystyrene     *Salmonella* cocktail   4°C    n.s.                                0.0184
  Polystyrene     *Salmonella* cocktail   22°C   0.0183                              \<.0001

\*Statistically significant effects (p \< 0.05) of the NO donor treatments when compared with the untreated control; "n.s." not statistically significant biofilm dispersion.

MAHMA NONOate also appears to be a broadly active molecule in dispersing biofilm formed both on polypropylene and polystyrene (Figure [4](#F4){ref-type="fig"}): it released up to 70% of *E. coli* biofilms pre-formed on polystyrene at room temperature after a 6-hour treatment (Figure [4](#F4){ref-type="fig"}). Biofilms formed by *S. enterica* sv Typhimurium ATCC14028 were also dispersed by MAHMA NONOate at room temperature, but compared to spermine NONOate, it was more effective on polystyrene (Figure [4](#F4){ref-type="fig"}). On polypropylene, up to 50% of *S. enterica* sv Typhimurium ATCC14028 and the cocktail of six *Salmonella* outbreak strains biofilms were dispersed by MAHMA NONOate when incubated for 24 hours at room temperature (Figure [4](#F4){ref-type="fig"}). Biofilms formed by *E. coli* O157:H7 were also effectively dispersed on polypropylene but less when compared with polystyrene (Figure [4](#F4){ref-type="fig"}). Effectiveness of MAHMA nonoate in dispersing biofilms was further increased by treatment with the microbiocide SaniDate (Figure [5](#F5){ref-type="fig"}).

![**Biofilm dispersal by MAHMA NONOate.** Biofilms were formed by *E. coli* O157:H7, *Salmonella* sv. Typhimurium 14028 and a cocktail of the six *Salmonella* strains linked to human produce-related gastroenteritis outbreaks on polystyrene (black bars) or polypropylene (grey bars) prior to the treatment with MAHMA NONOate. Contact times and temperatures at which biofilms were exposed to the nitric oxide donor are listed above each panel. Concentrations of the nitric oxide donor are on the x-axis.](s13568-014-0042-y-4){#F4}

![**Additive effect of the microbiocide SaniDate and nanomolar concentrations of Molsidomine and MAHMA nonotate.** Bars represent the standard error. Different letters represent significant different means (p = 0.05).](s13568-014-0042-y-5){#F5}

The recA-hydN genomic region is involved in Salmonella biofilm dispersal
------------------------------------------------------------------------

In order to better understand how nitric oxide donors induce dispersal of *Salmonella* biofilms, the genome of *S.* Typhimurium 14028 was scanned for the homologs of known genes involved in nitric oxide signaling. A mutant lacking the \~15kB *Salmonella enterica* sv Typhimurium ATCC14028 genomic region spanning 15 genes (*recA*-*hydN*) was studied (Figure [6](#F6){ref-type="fig"}). This region includes putative NO-reductase machinery: *ygaA*, an anaerobic nitric oxide reductase transcriptional regulator; STM2840, an anaerobic nitric oxide reductase flavorubredoxin; *ygbD*, nitric oxide reductase; *hypF*, hydrogenase maturation protein; *hydN*, an electron transport protein HydN. Proteins encoded region can be involved in transferring electron to NO, its detoxification and generation of nitrous oxide. Consistent with the predicted functions of the deleted genes, the Δ*recA*-*hydN* mutant formed a more robust biofilm on polystyrene compared to the wild type, and did not respond to the 24-hrs treatment with molsidomine (Figure [6](#F6){ref-type="fig"}).

![**Involvement of the*Salmonella recA-hydN*genomic region in the nitric oxide-mediated signaling.***Salmonella* sv. Typhimurium A9 (mutant lacking a 15kB fragment spanning *recA-hydN* genes) formed more abundant biofilms, which were not responsive to treatment with nitric oxide donor molsidomine. Detachment of the wild type biofilms in response to molsidomine **(A)**. Lack of response to molsidomine by the A9 mutant **(B)**. Appearance of the biofilms formed by the A9 mutant and the wild type **(C)**. Genomic context of the A9 deletion **(D)**. Thick arrows are annotated ORF. Genes with putative functions in nitric oxide signaling are shaded grey.](s13568-014-0042-y-6){#F6}

Discussion
==========

Controlling biofilms on surfaces of clinical and industrial importance has emerged as an important goal. While an impressive toolbox is potentially available to those aiming to prevent microbes from attaching to surfaces and forming biofilms (Campoccia et al. \[[@B8]\]; Chen et al. \[[@B10]\]), the approaches for controlling existing biofilms are significantly more limited. A seminal discovery that self-produced nitric oxide acts as a dispersal cue for *Pseudomonas aeruginosa* biofilms (Barraud et al. \[[@B3]\]) sparked interest in exploring the use of the NO gas, molecules and nanoparticles capable of releasing it (Landini et al. \[[@B24]\]; McDougald et al. \[[@B27]\]). Various nitric oxide generating molecules and nanoparticles can be used effectively to dislodge biofilms formed by Gram-negative *P. aeruginosa* and *E. coli*, Gram-Positive *Staphylococcus aureus* and *S. epidermidis* (Barraud et al. \[[@B5]\]; Cherayil and Antos \[[@B11]\]; Slomberg et al. \[[@B41]\]) and prevent attachment of zoospores of the green algae *Ulva* (Thompson et al. \[[@B44]\]). However, in some bacteria (*Shewanella oneidensis, Vibrio harveyi*), perception of NO leads to an increased biofilm formation (Landini et al. \[[@B24]\]; Plate and Marletta \[[@B33]\]). Therefore, even though NO is a signal employed by a diversity of organisms, responses to it are not universally conserved. Because of these biological differences in the consequences of NO detection, it is important to establish how and to what extent commercially available nitric oxide donors can be used for controlling biofilms formed by important foodborne bacterial pathogens, known to persist as biofilms in the industrial facilities.

With this study, we focused on the effects of off-the-shelf NO donors on the biofilms formed by seven strains of *S. enterica* and pathogenic *E. coli* on surfaces that mimic those found in food processing facilities. The five compounds selected for these tests based on their low potential toxicity, commercial availability and predicted potency demonstrated varying levels of specificity and efficacy. Of the compounds tested, molsidomine and diethylamine NONOate diethylammonium are the most promising as they are capable of dislodging biofilms formed by *S*. Typhimurium 14028, a cocktail of six *Salmonella* strains isolated from outbreaks and *E. coli* O157:H7 under most of the tested conditions. For most of the compounds tested, their highest activity appears to be in the picomolar range, suggesting that their applications could be further optimized for the economical and effective industrial applications. The activity of the compounds in the nano- and picomolar ranges further suggests that NO acts as a potent cue, consistent with previous reports. Low biofilm-dispersing activity of the nitric oxide donors at higher concentrations is, perhaps, not surprising considering that NO can be bactericidal at a concentration of mg L^−1^ (McDougald et al. \[[@B27]\]; Miller et al. \[[@B29]\]), and the methods employed in this study would not necessarily distinguish between live and dead bacteria within an existing biofilm.

Interestingly, some compounds (molsidomine or diethylamine NONOate diethylammonium) were effective at dispersing biofilms under refrigerated conditions (4°C). Temperature is an important factor affecting the dissociation constant. NONOate (s) are very sensitive to temperature: a 1°C change from 37°C can results in an approximate 13% change in NO release (Ramamurthi and Lewis \[[@B34]\]). Therefore, it is reasonable to hypothesize that when biofilms are exposed to the nitric oxide donors at lower temperatures, they experienced the treatment for a longer period of time, and this increased their potency. The implications of this observation for industrial applications are potentially exciting: the ability of the nitric oxide donors to disperse biofilms at 4°C makes them good candidates for cleaning refrigerated surfaces, common in the food industry and even removing pathogen biofilms from refrigerated foods. While *Salmonella* and *E. coli* are thought to be metabolically inactive under these conditions, their populations in biofilms formed on refrigerated foods remain relatively steady over an extended period of time (Kroupitski et al. \[[@B22]\]). Furthermore, a complement of *Salmonella* genes that were differentially expressed during biofilm formation on cut lettuce during cold storage has been identified (Kroupitski et al. \[[@B23]\]), suggesting that even though the cells of these human pathogens are not dividing, physiological processes and gene expression still take place under refrigerated conditions. It would be of great interest to determine whether these specific genes induced in biofilms on foods at 4-8°C could be subject to manipulation by NO. More broadly, it remains to be determined which of the *Salmonella* genes involved in biofilm formation (Hamilton et al. \[[@B17]\]; Teplitski et al. \[[@B43]\]) are subject to regulation by nitric oxide, and -- conversely -- which of the known *Salmonella* genes responsive to nitric oxide contribute to the NO-mediated biofilm dispersal (Henard and Vazquez-Torres \[[@B18]\]; Karlinsey et al. \[[@B20]\]; Richardson et al. \[[@B36]\]).
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###### Additional file 1: Figure S1.

Biofilm formation on different plastics by *Salmonella* and *E. coli* O157:H7. Biofilms were established on polypropylene and polystyrene surfaces in CFA medium for 24 hrs and stained with 1% crystal violet and then washed. The absorbed crystal violet and the biofilm were dissolved in 33% acetic acid and A590 was measured with a spectrophotometer. Error bars represent standard error. Significant different means are displayed with different letters. **Figure S2.** Luminescence of *Salmonella* 14028 pTIM2442 upon exposure to molsidomine. General metabolic state of the cells was assessed using the redox-coupled FMNH2/Luciferase produced by a *S.* Typhimurium ATCC14028 strain harboring high copy number plasmid in which the *luxCDABE* operon is under the phage λ promoter (pTIM2442). Concentrations of molsidomine to which cultures of *Salmonella* 14028 pTIM2442 were exposed are listed on the figure. Error bars represent the standard error of 12 replicas. **Table S1.** Fluorescence of the *Salmonella* cells detached by molsidomine treatment Measurement of *Salmonella* 14028 planktonic cells detached from preformed biofilm during treatment with molsidomine. polypropylene, \*Statistically significant effects (p\<0.05) of molsidomine treatment. **Table S2.** The complete set of experiments on the effect of the NO donors on preformed biofilm after 24 hours of contact time. \*Statistically significant effects (p\<0.05) of the NO donor treatments. n.s., not statistically significant biofilm dispersion. MOL, Molsidomine; M1555, MAHMA NONOate; S150, SPERMINE NONOate; D5431, diethylamine NONOate diethylammonium salt; D184, diethylamine NONOate sodium; S8432 sulfo NONOate disodium salt. **Table S3.** The complete set of experiments on the effect of the NO donors on preformed biofilm after 6 hours of contact time. \*Statistically significant effects (p\<0.05) of the NO donor treatments. n.s., not statistically significant biofilm dispersion. MOL, Molsidomine; M1555, MAHMA NONOate; S150, SPERMINE NONOate; D5431, diethylamine NONOate diethylammonium salt; D184, diethylamine NONOate sodium; S8432 sulfo NONOate disodium salt.
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